We first tried to determine the thickness of both Si-on-Mo and Mo-on-Si interdiffusion layers inherent in the Mo/Si multilayer films by taking high angle angular dark-field-scanning transmission electron microscopy (HAADF-STEM) images. Secondly, the origin of 2 -5% shortage of the measured extreme ultraviolet (EUV) reflectivity relative to that expected from the Fresnel equation has been investigated from two possible viewpoints: one, the presence of residual Xe gas atoms incorporated into the film during deposition in the reduced Xe gas atmosphere, and the other, a gradual shift of the layer periodicity over an entire cycle of repeated depositions. By analyzing the grazing incident X-ray reflectivity (GIXR) spectra for the 50-layer films, we were able to demonstrate that the latter is responsible for lowering the EUV reflectivity. #
Introduction
Extreme ultraviolet (EUV) lithography is a next-generation technology using the 13.5 nm wavelength. At such short wavelengths, one has to abandon the ordinary optical lens and, instead, use a multilayer film like the stack of Mo/Si layers, which act to reflect light by interlayer interference. The reflectivity of the Mo/Si optical mirrors available now has reached 65 to 67%. [1] [2] [3] If the reflectivity is increased, say, by 1% per mirror, the total increase in reflectivity is expected to reach 19% in a lithography system involving a total of twelve mirrors. An increase in reflectivity by 1%, therefore, is necessary for shortening the exposure time, which directly affects the enhancement of productivity.
A superconducting magnetron sputtering apparatus was constructed by installing the magnetized bulk superconductor in place of the Nd-Fe-B permanent magnet. [4] [5] [6] [7] [8] Thanks to the extremely high magnetic field produced over its target, the sputtering can be performed under inert gas pressures of 10 À1 to 4 Â 10 À3 Pa, two orders of magnitude lower than in the case of an ordinary sputtering apparatus. This enabled us to extend the distance between the substrate and target or throw distance, D st , to over 200 to 600 mm and to fabricate plasma-damage-free films.
By taking full advantage of the long mean free path of sputtered atoms, we have constructed a two-cathode superconducting magnetron sputtering apparatus with the aim at synthesizing Mo/Si multilayer films having a high EUV reflectivity. [9] [10] [11] [12] The most appropriate deposition condition was examined to minimize the thickness of the interdiffusion layer formed between Si and Mo layers. Both Ar and Xe were chosen as inert gas species. A Si wafer with an rms surface roughness of 0.1 nm was used as a substrate. From the transmission electron microscopy (TEM) and the grazing incidence X-ray reflectivity (GIXR) measurements, we could determine the interdiffusion layer thicknesses of Si-on-Mo and Mo-on-Si layers and could reduce them to 0.5 and 1.5 nm, respectively, by optimizing the deposition condition. The rms surface roughness of the 50-layer films was studied by atomic force microscopy (AFM) and could be reduced to 0.12 nm under the best deposition condition. The highest EUV reflectivity we have so far achieved at the 13.5 nm wavelength was 67%. In spite of refining the structure data, however, the measured EUV reflectivity was unavoidably scattered over a certain range. Indeed, it was pointed out that the scatter of the measured reflectivity cannot be understood simply by inserting the structural data represented by the rms surface roughness and the two different interdiffusion layer thicknesses into the Fresnel equation.
10,11) Therefore, we consider that further work is necessary to determine causes of the scatter of the EUV reflectivity and to single out a missing key factor in enhancing it beyond 67%.
In this work, we firstly report on the high angle angular dark-field scanning transmission electron microscopy (HAADF-STEM) image taken for the Mo/Si 50-layer film with the EUV reflectivity of 67%. The results will strengthen our previous conclusions on the evaluation of the interdiffusion layer thicknesses of Si-on-Mo and Mo-on-Si layers. Secondly, the origin of the scatter of the measured EUV reflectivity was studied from the two possible viewpoints: one, an unavoidable incorporation of inert gas atoms into the deposited film, and the other, a gradual shift of the layer periodicity over an entire cycle of repeated depositions. We prove that the amount of the residual Xe atoms has no direct relevance to the measured reflectivity. Instead, simulations revealed that the EUV reflectivity of the Mo/Si 50-layer film characterized using the best-refined structure data has a theoretical limit of 69.2%. We found that an increase in FWHM in the observed GIXR spectrum beyond its intrinsic width is caused by a gradual shift of the layer periodicity over an entire cycle of depositions and that this is directly responsible for the reduction in the observed EUV reflectivity.
Experimental Procedure
The structure of the present magnetron sputtering apparatus is already described elsewhere. 9, 10) In this work, we further synthesized the Mo/Si 50-layer films deposited on Si wafer substrate in the Xe and Kr gas atmospheres. Each Mo/Si paired layer nominally consisted of 4.5-nm-thick Si and 2.5-nm-thick Mo films, thereby giving rise to a periodicity of 7 nm, and was stacked up to 50 pairs. The GIXR spectra were measured for the 50-layer films prepared under different deposition conditions, using the Cu K radiation. The degree of perfection in the layer periodicity was evaluated from the FWHM of the oscillating GIXR peaks. The EUV reflectivity was measured at the 13.5 nm wavelength for Mo/Si 50-layer films in the (-2) scanning mode using the CO 2 gas-jet-target laser plasma. An in-house software program was used to deduce a smoothing curve by fitting the data points to a polynomial equation. [10] [11] [12] The normal-incidence EUV reflectivity was calculated from the smoothed curve thus obtained. Its accuracy mainly arises from the determination of the fitting curve and is estimated to be AE1%.
HAADF-STEM images of cross-sectional specimens were taken using a TEM (JEM-2100F) equipped with a scanning unit at an acceleration voltage of 200 kV. An annular darkfield detector was set to collect electrons scattered at angles of 65 to 120 mrad, where the scattering intensity varies approximately as the square of the atomic number. The cross-sectional specimens for the STEM observation were prepared by ion beam thinning. Figure 1 shows the cross-sectional HAADF-STEM image of the Mo/Si 50-layer film. Because of the large difference in atomic number Z between Mo and Si, Mo atoms give rise to a much brighter image than Si atoms. Hence, the dark area in the bottom half of the image is identified as a single-crystal Si substrate. Its surface is slightly covered with its oxide. Six bright bands parallel to each other clearly reflect the Mo layer. The top layer is less clear because of the edge of the TEM specimen. Its intensity profile for the first four peaks is shown in Fig. 2(a) as a function of a distance perpendicular to the film plane. The distance is scaled in nanometer units by setting the peak-to-peak distance to be equal to the paired layer periodicity of 7 nm.
Results and Discussion

HAADF-STEM image
It can be seen from Fig. 2 (a) that peak #1 corresponding to the first Mo layer deposited directly onto the Si substrate is fairly symmetric, whereas the remaining peaks from #2 to #4 are clearly more asymmetric. Although each peak is modulated using an instrumental resolution function as described later, it should reflect the Mo atom distribution in the direction perpendicular to the film plane. We notice that the slope to the right of all the four peaks, which should contain information about the Si-on-Mo interdiffusion layer, is very similar to each other and fairly sharp.
It is of great interest to note that the slope to the left of peak #1 is very sharp. This strongly indicates that Mo atoms can barely dissolve into the Si single-crystal substrate covered with its oxide. More important is that the slope to the left of the remaining peaks from #2 to #4 is broader than the slope to the right and that it may be divided into two regions: one near the peak characterized by a less steep slope and the other in the outskirts of the peak by a slope similar to that to the right. This indicates that the former reflects the Mo-on-Si interdiffusion layer and the latter merely the instrumental resolution function.
We attempted to simulate the HAADF-STEM profile on the basis of the structure model reported earlier, in which the formation of MoSi 2 with the density of 6.3 g/cm 3 was implicitly assumed in both Mo-on-Si and Si-on-Mo interdiffusion layers upon calculating the EUV reflectivity by inserting structure data into the Fresnel equation as well as simulations of the GIXR spectrum. [10] [11] [12] From the TEM image, 11, 12) we revealed that the Mo/Si multilayer film consists of a repetition of four layers: 2.0-nm-thick Mo, 0.5-nm-thick MoSi 2 , 3.0-nm-thick Si, and 1.5-nm-thick MoSi 2 with the periodicity of 7 nm. This is used in the present analysis for the HAADF-STEM profile. The densities of Mo and Si layers were assumed to be 10.2 and 2.3 g/cm 3 , respectively.
The HAADF-STEM intensity was simply calculated by taking the product of the number of Mo and/or Si atoms per unit volume in each layer and the HAADF-STEM scattering yield per atom, which was assumed to be proportional to Z 1:8 . The resulting spectrum was subsequently convoluted with a resolution function, which was represented by a Gaussian function with the FWHM of 1.0 nm. The results are shown in Fig. 2(b) along with the structure model in its inset. It can be seen that this simple model reproduces quite well the overall feature of the observed HAADF-STEM profile in Fig. 2(a) . The features mentioned above, namely, the asymmetry of the peaks and the two-region feature of the slope to the left of the peaks, are particularly well reproduced. We are, therefore, led to conclude that the structure model we proposed in our earlier studies 10, 11) has been well justified.
EUV reflectivity for Mo/Si multilayer films
The EUV reflectivity can be expressed as
where is the rms surface roughness of the multilayer film, is the wavelength of the EUV light equal to 13.5 nm and t 0 is the thickness of the interdiffusion layer. 13, 14) This has been referred to as the Fresnel equation for a multilayer film. The pre-exponential term R 0 involves both the Si-on-Mo and Mo-on-Si interdiffusion layer thicknesses as parameters. As shown in Fig. 3 , three EUV reflectivity curves were calculated from eq. (1) at the 13.5 nm wavelength as a function of the Mo-on-Si interdiffusion layer thickness at three different values of the rms surface roughness of 0.1, 0.2, and 0.3 nm while fixing the Si-on-Mo interdiffusion layer thickness at 0.5 nm. 10, 11) We see from Fig. 3 that the EUV reflectivity can be substantially enhanced if we can lower the rms surface roughness from 0.2 to 0.1 nm. This emphasizes the importance of reducing the rms surface roughness as low as possible. The superconducting bulk magnet magnetron sputtering apparatus has been proved to be capable of reducing the rms surface roughness of the Mo/Si 50-layer film to ¼ 0:12 nm, when deposited on the Si wafer having the surface roughness ¼ 0:10 nm. [10] [11] [12] The measured EUV reflectivities of the Mo/Si 50-layer films prepared under different conditions are plotted in Fig. 3 . Here, the thickness of the Si-on-Mo interdiffusion layer was fixed at 0.5 nm, regardless of deposition conditions.
12) It may be worth mentioning at this stage that, as far as multilayer films are concerned, information about the thicknesses of the Mo-on-Si and Si-on-Mo interdiffusion layers can be extracted only from the TEM image but not from the GIXR spectrum. The GIXR analysis permits us to provide them only for the bilayer films. 10, 12) The data points marked with small solid circles in Fig. 3 refer to the 50-layer film samples, for which the EUV reflectivity was directly measured but the thickness of the Mo-on-Si inter-diffusion layer was taken from the data for the bilayer film subjected to the same deposition condition. 10) Instead, a double circle in Fig. 3 indicates the measured EUV reflectivity and thickness of the Mo-on-Si interdiffusion layer directly deduced from the TEM image. 10, 11) It is now found that all these data points happen to fall in the region between the two curves with ¼ 0:2 and 0.3 nm. This is not consistent with the fact that the rms surface roughness determined from the AFM measurements is always approximately 0.12 -0.15 nm for all 50-layer films. [10] [11] [12] It means that there must exist factors for lowering the measured reflectivity by 2 -5% relative to the value expected from eq. (1). In the next two sections, we concentrate on solving this problem using two different approaches.
3.3 Effect of residual Xe atoms in the film on the EUVreflectivity One possible factor may originate from the existence of residual inert gas atoms inside the film. The absorption coefficient due to Xe atom at the 13.5 nm wavelength is fairly large and about ten times larger than that due to Mo atom. 15) Hence, we consider the EUV light to be likely absorbed by Xe atoms through their ionization by emitting photoelectrons or secondary electrons. Therefore, it may be responsible for lowering the EUV reflectivity by 2 -5% relative to that expected from eq. (1).
By using He þ particles accelerated to 1.8 MeV, we measured and reported the Rutherford backscattering (RBS) spectra for the (a) 70-nm-thick sputtered Si film, (b) Mo/Si bilayer film, and (c) 70-nm-thick sputtered Mo film, all of which were deposited onto the Si wafer.
11) A peak was observed at about 1.6 MeV in the sputtered Si film. This was easily identified as the residual Xe atoms incorporated during deposition in the Xe gas atmosphere, since the peak is absent in the RBS spectrum of the Si wafer itself. In the case of the Mo/Si bilayer film, the weak peak just above the Mo edge was observed and easily assigned to the residual Xe atoms. Instead, the Xe peak was barely seen in the Mo film.
In this work, we further measured the RBS spectra for three 70-nm-thick sputtered Si films prepared under the Xe gas pressures of 0.1, 0.04, and 0.02 Pa. As shown in Fig. 4 , the peak due to the residual Xe atoms increases with EUV reflectivity measured. t Mo-on-Si taken from bilayer data. Fig. 3 . Three curves represent the calculated EUV reflectivity as a function of the Mo-on-Si interdiffusion layer thickness at three different values of the rms surface roughness . The Si-on-Mo interlayer thickness is fixed at 0.5 nm. The datum point marked with a double circle represents the measured EUV reflectivity and the Mo-on-Si interdiffusion layer thickness deduced from the TEM image of the Mo/ Si 50-layer film. [10] [11] [12] Small solid circles refer to the measured EUV reflectivities of the Mo/Si 50-layer films, whose Mo-on-Si interdiffusion thicknesses were borrowed from those of bilayer films prepared under the same deposition condition. [10] [11] [12] increasing Xe gas pressure during the deposition. The amount of Xe atoms integrated over the depth was calculated by taking the ratio of the total yield (i.e., the area of the Xe peak shown in Fig. 4 ) over the yield of Si, noting that the depth resolution of $40 nm is comparable to the film thickness of 70 nm. The Xe atom concentration was deduced by dividing the amount of Xe atoms by the depth of 70 nm assuming a uniform distribution of Xe atoms in the film. In the RBS analysis, the stopping powers available in the literature 16) are used. The result is plotted in Fig. 5 on the logarithmic scale as a function of the Xe gas pressure. Three data points almost fall on a straight line. Its extrapolation to 0.008 Pa results in Xe concentration of only 0.01%.
By anticipating a negligible effect of 0.01% Xe atoms on the EUV reflectivity and, hence, a recovery of the EUV reflectivity expected from the Fresnel equation, we prepared the Mo/Si 50-layer film under the Xe gas pressure of 0.008 Pa. It took more than 10 h to complete the entire deposition process. In contrast, however, its EUV reflectivity turned out to be only 65%. Therefore, we had to conclude that the Xe atoms incorporated into the film during deposition cannot be considered as a major source to lower the EUV-reflectivity relative to that expected from eq. (1).
Simulations of GIXR spectrum for Mo/Si
multilayer films Now we search for a different source of the mechanism for 2 to 5% shortage of the measured EUV reflectivity relative to that expected from eq. (1). The discrepancy between the experimental and theoretical values may possibly be linked to any imperfection of the layer periodicity, which would be reflected in the peak broadening of the measured GIXR spectrum. However, we realized that the peak would be broadened if the number of Mo/Si paired layers is finite even when they are perfectly periodic. We calculated the GIXR spectra and EUV reflectivity as a function of the number of pairs for the Mo/Si multilayer films characterized by the optimized structure data, i.e., 2.0-nm-thick Mo, 0.5-nm-thick MoSi 2 , 3.0-nm-thick Si, and 1.5-nm-thick MoSi 2 with the periodicity of 7 nm and with the rms surface roughness of 0.12 nm. Figure 6 shows the calculated GIXR spectra as a function of the number of Mo/Si pairs by inputting the structure data above into the in-house software program. [9] [10] [11] [12] The FWHM of successively appearing peaks clearly decreases with increasing the number of pairs. This is definitely caused by the finite size of the system and has nothing to do with any imperfection of the periodicity in layers. The value of the FWHM for peak #2 is calculated by taking the peak-to-peak distance in its derivative curve, as shown in Fig. 7 . The resulting value of the FWHM is plotted in Fig. 8(a) as a function of the number of Mo/Si pairs, along with the calculated EUV-reflectivity in Fig. 8(b) . The EUV reflectivity is found to saturate to the value close to 69.5% when the number of pairs is increased to 500. The value for the 50-layer film is read off to be 69.2%, only 0.3% lower than the saturated value. This strongly indicates that the stack of 50 Mo/Si pairs is sufficiently large for practical purpose. On the other hand, the FWHM for the 50-layer film is still fairly large but should be regarded as an intrinsic width of the peak, i.e., the limiting value of the FWHM for a perfectly periodic 50-layer film. Its value is read off to be 0.0214. 3.5 Effect of a shift of layer periodicity on EUV reflectivity Figure 9 shows the measured GIXR spectrum for the Mo/Si 50-layer film, for which the EUV reflectivity of 67% was observed. The FWHMs for peaks #2 to #6 were calculated from their derivative curves in the same manner as shown in Fig. 7 . The resulting FWHMs are plotted as a function of the scattering angle 2 in Fig. 10 for several Mo/Si 50-layer films prepared under different deposition conditions. The data marked with symbol Â refer to those calculated from Fig. 6 for a perfectly periodic 50-layer film, including the value of 0.0214 for peak #2 discussed in §3.4. The FWHM of 0.021 obtained by averaging over peaks #2 to #6 is indicated by a horizontal dotted line. This clearly represents a limiting FWHM value for the perfectly periodic 50-layer film. It is noted that the FWHM of the peaks in the measured GIXR spectrum is always larger than the corresponding limiting value and that there is a tendency for the FWHM to increase with decreasing EUV reflectivity.
The FWHM averaged over peaks #2 to #6 was calculated for Mo/Si 50-layer films prepared under different deposition conditions. Figure 11 shows the measured EUV reflectivity as a function of the ratio of the average FWHM of the measured GIXR peaks over the limiting value of 0.021. Surprisingly, all the data points fall on a straight line, regardless of the deposition condition chosen, which is indicated in the figure. A straight line can be drawn through the data points and its extrapolation to unity on the abscissa yields the EUV reflectivity of 69.2%, being well consistent with the value calculated for the perfectly periodic 50-layer film [ Fig. 8(b) ]. This lends strong support to the present analysis. More importantly, we can safely say that the reduction of the measured EUV reflectivity below the theoretical curve with ¼ 0:12 nm in Fig. 3 can be ascribed to the broadening of the GIXR peaks. 2θ/ω (deg) Fig. 7 . A derivative curve of peak #2 for the 50-layer film in Fig. 6 . The peak-to-peak distance in the scattering angle 2 is defined as the FWHM. Finally, we must determine why the broadening of the GIXR peaks takes place. To check if the Mo/Si layer periodicity changes during the deposition, we directly measured the layer periodicity by choosing the two different regions in the TEM image: one near the free surface and the other near the Si substrate for the two 50-layer films characterized by the EUV reflectivities (Rs) of 65 and 67%. As listed in Table I , the difference in the layer periodicity between the top and bottom regions is only 0.2% in the R ¼ 67% film but increases to 1.7% for the R ¼ 65% film. Thus, we have concluded that a shift of the layer periodicity over 50 layers causes the broadening of the GIXR peaks beyond its limiting value and is responsible for lowering the EUV reflectivity below the value expected from eq. (1).
In the present superconducting magnetron sputtering, the inert gas pressure during the deposition was simply regulated using a gas flow meter. It may affect the deposition rate of Mo and Si during the course of deposition, which takes about 5 h when its pressure is at 0.02 Pa. We consider that the introduction of a more sophisticated feedback control of the inert gas pressure will resolve this difficulty and that the realization of the EUV reflectivity close to its limiting value of 69.2% in the case of 50-layer film will be made possible in the near future using the present superconducting magnetron sputtering apparatus.
Conclusions
The origin of the 2 to 5% shortage of the EUV reflectivity relative to that expected from eq. (1) has been investigated from the two possible viewpoints: one, the presence of residual Xe atoms incorporated into the film during the deposition under Xe gas atmosphere, and the other, an uncontrollable shift of the layer periodicity from the nominal value of 7 nm over an entire cycle of sequential deposition. The former was ruled out because of the observation of the EUV reflectivity of 65% for the 50-layer film prepared under an extremely low Xe gas pressure of 0.008 Pa. We revealed that the measured EUV reflectivity is perfectly scaled in terms of the FWHM of the GIXR peaks. Its broadening is attributed to a shift of the layer periodicity during the deposition over several hours. The EUV reflectivity close to the theoretical limit of 69.2% will be achieved if a feedback control of the inert gas pressure is introduced into the present superconducting magnetron sputtering apparatus. Mo/Si 50-layer films Fig. 11 . (Color online) Measured EUV reflectivity and the ratio of the FWHM averaged over peaks #2 to #6 in the measured GIXR spectrum (see Fig. 9 ) over its limiting value of 0.021 for several Mo/Si 50-layer films prepared under different deposition conditions, which are indicated in the figure. 
